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Double-stranded RNA viruses encode a single protein species containing RNA-dependent RNA poly-
merase (RdRP) motifs. This protein is responsible for RNA transcription and replication. The
architecture of viral RdRPs resembles that of a cupped right hand with ﬁngers, palm and thumb
domains. Those using de novo initiation have a ﬂexible structural elaboration that constitutes the
priming platform. Here we investigate the properties of the C-terminal priming domain of bacterioph-
age f6 to get insights into the role of an extended loop connecting this domain to the main body of the
polymerase. Proteolyzed f6 RdRP that possesses a nick in the hinge region of this loop was better
suited for de novo initiation. The clipped C-terminus remained associated with the main body of the
polymerase via the anchor helix. The structurally ﬂexible hinge region appeared to be involved in the
control of priming platform movement. Moreover, we detected abortive initiation products for a
bacteriophage RdRP.
& 2012 Elsevier Inc. All rights reserved.Introduction
RNA viruses represent a very large group of medically and
economically important pathogens affecting a wide variety of
organisms. The RNA-dependent RNA polymerase (RdRP) is a
central player in the lifecycle of RNA viruses, being responsible
for the propagation of viral RNA genomes (replication) and the
synthesis of viral mRNAs (transcription). Each virus normally
encodes a single polypeptide species that serves as the catalytic
RdRP subunit (Makeyev and Saldago, 2006). The architecture of
viral RdRPs resembles that of a ‘right hand’, with domains that are
commonly denoted as the ‘ﬁngers’, ‘palm’ and ‘thumb’. Viral
RdRPs tend to have a compact ‘cupped right hand’ conformation
as opposed to the ‘open right hand’ observed in many other
polymerases. The catalytic site is contained in the palm domain
and the structure of this region is the most conserved feature inll rights reserved.
Poranen).
olecular Biomedicine, Von-
24 Southwark Bridge Road,
ng Rd., Zhangjiang High-techRdRPs (Ferrer-Orta et al., 2006). Very little primary amino acid
sequence identity is seen between viral RdRPs, although there are
clear structural similarities extending well beyond viral families
(Butcher et al., 2001; Koonin and Dolja, 1993; Makeyev and
Saldago, 2006).
Although RNA viruses use diverse replication strategies, there
are only two principal mechanisms by which RNA synthesis can
be initiated: de novo (primer-independent) or by using a primer
(Ferrer-Orta et al., 2006; Kao et al., 2001; van Dijk et al., 2004).
Viral RdRPs that employ de novo initiation often possess addi-
tional elaborations to the basic structure. In the case of the
hepatitis C virus (HCV) and bovine viral diarrhea virus (BVDV)
polymerases, a polypeptide loop (b-ﬂap) of the thumb domain
protrudes to the catalytic site and facilitates the initiation of RNA
synthesis (Ago et al., 1999; Bressanelli et al., 1999; Choi et al.,
2006; Choi et al., 2004; Hong et al., 2001; Lesburg et al., 1999).
Pseudomonas phage f6 RdRP has a compact C-terminal domain
that packs into the catalytic center and provides the initiation
platform upon which the initiation complex can be formed
(Butcher et al., 2001). The reovirus l3 polymerase has a loop
inserted in the palm domain, which acts to stabilize the initiation
complex, similar to the analogous structures in f6, HCV and
BVDV RdRPs (Tao et al., 2002). Such structural features present a
physical barrier that, following successful priming, prevents chain
elongation (Butcher et al., 2001; O0Farrell et al., 2003; Tao et al.,
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platform has to move relative to the main body of the polymerase
to allow transition from initiation to elongation.
The RdRP of bacteriophage f6, a double-stranded RNA
(dsRNA) virus of the family Cystoviridae, is one of the best
characterized viral polymerases to date. It is highly processive
and capable of replicating single-stranded RNA (ssRNA) molecules
of practically unlimited length (Makeyev and Bamford, 2000a,b),
making it suitable for biotechnological applications (Aalto et al.,
2007). The f6 RdRP uses the two-metal ion catalysis of nucleo-
tidyl transfer, with the metal ions being coordinated by catalytic
aspartates (Butcher et al., 2001; Steitz, 1998). A high afﬁnity non-
catalytic ion binding site, usually occupied by Mn2þ , has been
identiﬁed in the palm domain of f6 RdRP at a position 6 A˚ from
the catalytic Mg2þ ions (Butcher et al., 2001). This ion structurally
destabilizes the enzyme and is required for correct coordination
of NTPs for catalysis (Poranen et al., 2008b). The f6 RdRP has two
positively charged tunnels. The template and the substrate
tunnel, respectively, allow access of the RNA template and NTP
substrates to the internally located catalytic site (Fig. 1). The
template tunnel is wide enough to accommodate single- but notFig. 1. Mechanism for f6 RdRP catalyzed de novo RNA polymerization. (A) Cartoon rep
tunnels, the catalytic site with a Mn2þ (magenta sphere) bound at the non-catalytic ion
in the C-terminal domain). The interrogation site (arginine/lysine), the catalytic aspart
shown in green, with the ultimate 30 terminal nucleotide denoted as T1 and the penul
stabilized by interactions at the rim of the template tunnel and speciﬁc residues within
thereby positioning T2 at the catalytic site. (D) During template entry (B and C), incom
especially at high Mg2þ concentrations. (E) The second daughter NTP (D2) in complex w
site by stacking interactions with Y630 and hydrogen bonds with T2. (F) The D2-temp
with T1 and Mg2þ shifts into the catalytic position while Mn2þ remains attached at the
and D2 is catalyzed by both Mg2þ ions and results in the release and diffusion of t
mechanism now undergoes a transition from initiation to elongation, whereby the dinu
which has to be displaced in order for dsRNA product egress and subsequent chain elon
additional data by Laurila et al. (2002), Poranen et al. (2008b), Sarin et al. (2009), Salgdouble-stranded nucleic acid. The distance from the surface of
the RdRP to the catalytic site can be spanned by a ﬁve base
oligonucleotide (Butcher et al., 2001; Salgado et al., 2004).
Structural and biochemical studies have revealed a de novo
mechanism for initiation of RNA polymerization (Fig. 1)
(Butcher et al., 2001; Makeyev and Bamford, 2000a,b; Salgado
et al., 2004). The initiation platform (residues 629–632), located
within the C-terminal domain (residues 601–664), protrudes into
the central cavity of the enzyme and stabilizes the initiation
complex (Butcher et al., 2001; Laurila et al., 2002; Salgado et al.,
2004). To a large extent it also prevents back-primed initiation by
physically reducing the volume of the catalytic site (Laurila et al.,
2002; Laurila et al., 2005). Like many other viral RdRPs, the f6
RdRP can also catalyze terminal nucleotidyl transferase (TNTase)
activity, i.e. non-templated addition of nucleotides to a given
substrate nucleic acid (Neufeld et al., 1994; Poranen et al., 2008a;
Ranjith-Kumar et al., 2001, 2003; Rohayem et al., 2006). However,
the exact biological role of this activity is not known.
Many viral RdRPs also display abortive initiation, i.e. short
incomplete transcripts that have been released following the
addition of the ﬁrst two to six daughter strand nucleotidesresentation of a cross-section of the f6 RdRP showing the template and substrate
site and the C-terminal domain. The initiation platform is highlighted in red (Y630
ates and the speciﬁcity (S) pocket are indicated. The incoming template strand is
timate as T2. (B) Template strand entry in the presence of Mn2þ . The template is
the template tunnel (denoted as R). (C) T1 of the template docks in the S pocket
ing substrate NTPs (marked as D1 and D2) can be stabilized at the catalytic site,
ith Mg2þ (purple sphere) enters and becomes correctly positioned at the catalytic
late complex now ratchets backwards freeing T1 from the S pocket. D1 base pairs
non-catalytic ion site. (G) Formation of the ﬁrst phosphodiester bond between D1
he pyrophosphate (PPi) together with one bound Mg2þ . (H) The RNA synthesis
cleotide complex shifts towards the initiation platform at the C-terminal domain,
gation to occur. Based on the initial model presented by Butcher et al. (2001) and
ado et al. (2004), Wright et al. (2012).
Fig. 2. Protease digestion of f6 RdRP cleaves the hinge region. The three primary
products of trypsin digestion of WT RdRP, MT1 and MT2 (M refers to the main body
of the RdRP) and the C-terminal domain (denoted as C; panel I). Trypsin digestion
products after optimization of reaction conditions to produce mainly MT1 and C
polypeptides, as well as subsequent puriﬁcation of the enzyme (denoted as WTT1)
in an afﬁnity column (panel II). Displacement of the C-terminal domain (C) from
the main body of WTT1 (MT1) by applying a linear imidazol (10–250 mM) and SDS
gradient (0.05%–0.2%; panel III).
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Yamakawa et al., 1981; Yin and Steitz, 2002). Such transcripts
emerge due to the inherent instability of the initiation complex.
Thus, a number of repeated initiation attempts may be required
prior to the formation of productive initiation complexes (Farsetta
et al., 2000). Furthermore, premature termination of RNA synth-
esis at the initiation step may also occur due to steric hindrances
that block the exit tunnel (Yin and Steitz, 2002). Once a stable
initiation complex has been assembled and conformational
changes, to allow the exit of the newly synthesized product, have
occurred, elongation proceeds to yield full-length RNA products
(Farsetta et al., 2000; Kao and Sun, 1996; Yin and Steitz, 2002).
It has recently been shown that part of the C-terminal domain
of f6 RdRP is able to move, providing an exit pathway for
the nascent RNA product (Wright et al., 2012). In this study, we
speciﬁcally probe the role of an extended loop that connects
the C-terminal domain to the main body of the polymerase. The
underlying hypothesis is that this region could facilitate move-
ment of the C-terminal domain as the RdRP transits from initia-
tion to elongation. Utilizing enzymatic assays we were able to
demonstrate that proteolyzed f6 polymerases that possess
a nick in the polypeptide chain at the aforementioned loop are
better suited for de novo initiation at higher temperatures.
We also show that a signiﬁcant portion of the f6 RdRP
initiation events are abortive and that the proteolyzed proteins
display a slightly higher relative occurrence for abortive initiation.
These results infer that the loop connecting the C-terminal
domain to the main body of the polymerase could function
as a gatekeeper that controls movement of the initiation
platform. Despite these biochemical changes the clipped form of
the polymerase is structurally almost indistinguishable from the
intact form.Results
Correct folding of f6 RdRP requires an intact C-terminal domain
To characterize the role of the C-terminal domain, a set of
C-terminal deletion constructs for f6 RdRP were designed (Sup-
plementary Fig. 1A). These constructs remove the entire C-term-
inal domain, terminating at or near the extended loop (residues
601–614) that connects the C-terminal domain with the main
body of the polymerase, whereas some extend further into the
main body of the enzyme also removing parts of the thumb
domain. We were unable to recover any f6 RdRP-speciﬁc poly-
peptides following expression of these constructs. This suggests
that the C-terminal domain plays an important role in proper
folding of the RdRP polypeptide chain.
Since C-terminal deletion constructs of f6 RdRP could not be
obtained by molecular cloning techniques, serine proteases were
applied to yield C-terminal deletions by controlled hydrolysis of
peptide bonds. Trypsin proteolysis yielded two variants of wild
type (WT) f6 RdRP (Fig. 2, panel I; See also Supplementary Fig. 1B
for partial digestions). The ﬁrst variant, designated T1, was
cleaved within the aforementioned loop at residue 607 and the
second variant, designated T2, was cleaved well into the thumb
domain at residue 538 (Supplementary Fig. 1A), as shown by
matrix assisted laser desorption/ionization time-of-ﬂight (MALDI-
TOF) mass spectrometry (see Supplementary Fig. 1C for data on
the T1 variant). The ﬁnal yield of WTT1 was in excess of 95%; less
than 5% of the RdRP remained either non-cleaved or appeared in
the T2 conﬁguration (Fig. 2, panel II). Further structural and
biochemical characterization was carried out using only the T1
variant, which remained stable for several months when stored at
20 1C in the presence of 50% glycerol.The C-terminal domain has strong interactions with the main
polymerase body
The crystals of WTT1 were essentially isomorphous with a
previous crystal form of f6 RdRP (space group P32, with unit cell
dimensions aEbE109 A˚, cE159 A˚), and the electron density
maps revealed molecules that were seemingly indistinguishable
from the WT polymerase. However, close inspection revealed that
there was a break in the electron density at residues 603–609,
containing the cleavage site at residue 607 (Fig. 3A). These
residues form part of an extended loop (residues 601–614) that
connects the C-terminal domain to the main body of the poly-
merase. Previously published structures (in space groups P32 and
P21; e.g. PDB 1HHS and 2JLG) (Fig. 3B) reveal that residues 603–
609 of the loop, which hereafter will be denoted as the hinge
region, is only ordered in one out of the three copies of the protein
in the asymmetric unit, due to crystal contacts. The lack of
electron density for the hinge region in WTT1 is probably due to
structural relaxation of the clipped loop.
Different biochemical conditions were applied to characterize
the strength of the interaction between the C-terminal domain and
the main body of the polymerase in WTT1. The C-terminal domain
remained ﬁrmly associated with the main body of the polymerase
when the WTT1 was eluted from an ion exchange column using an
ascending NaCl gradient (Fig. 2, panel III; Supplementary Fig. 1D).
Stringent denaturing conditions, including 0.05% sodium dodecyl
sulphate (SDS) (Fig. 2, panel III) or 6 M urea (data not shown), were
required to separate the C-terminal domain from the main body of
the f6 RdRP. Surface area calculations revealed that some 2200 A˚2
of the surface of the main body of the polymerase is exposed on
removal of the C-terminal domain (Fig. 3C). In particular, residues
645–664 (designated as the anchor helix) form a strong interaction
with the main body of the polymerase, thereby positioning the
C-terminus of f6 RdRP (Fig. 3C). This very extensive interface
between the main body of the polymerase explains why detergents
or chaotropic agents are required to separate the C-terminal
domain (Fig. 2, panel III) (Krissinel and Henrick, 2007). Thermal
denaturation assays were used to probe the stability of the clipped
version of the polymerase, which revealed that it was indistin-
guishable from the full length version in terms the effect of Mn2þ
and Mg2þ on their melting temperatures (data not shown)
(Poranen et al., 2008b; Wright et al., 2012).
The T1 variant is catalytically active
The structural, biochemical and biophysical data presented
above suggest that the C-terminal domain remains associated
Fig. 3. Structural comparison of the extended loop connecting the C-terminal domain with the main body of WTT1 and WT f6 RdRP. (A) WTT1 f6 RdRP: the fold of f6
RdRP is shown as a tube, inﬂated and colored according to B-factor (from blue: 20 A˚2 to red: 100 A˚2). The right panel shows a close-up view of the hinge region, depicting
the break in the sigma weighted electron density map (contoured at 1.5s). Asterisks mark the points in the chain where the density ends. (B) WT f6 RdRP drawn and
colored as in (A) (molecule A PDB accession no: 1HHS). The structure is colored according to B-factor (from blue: 10 A˚2 to red: 80 A˚2). The right panel shows a close-up
view of the ordered electron density of the hinge region (contoured at 1.5s). (C) The surface area of the main body of f6 RdRP (2200 A˚2, shown in red) that is occluded by
the C-terminal region. The hinge (603–609) is drawn in yellow, the priming platform (610–644) is colored cyan and the anchor helix (645–664) is in blue. Residue R607,
the site of cleavage, is marked as a yellow sphere.
Table 1
Biochemical characterization of f6 RdRPsa.
Activity Templateb WT WTT1
Replication sþ 100% 77%78%c
Elongation rate sþ 2072 nt/s 1871 nt/s
Transcription f6 genome 100% 69%715%c
TNTase sþ 100% 750%720%c
Back-primingd sDþHP 15%73% 67%72%
Abortive initiatione oligo 58%75% 70%77%
a The values shown are the average of four independent experiments
b sþ , 2948 nt ssRNA; f6 genome, 6374 bp, 4063 bp and 2948 bp dsRNA; sDþHP,
724 nt ssRNA with 30 hairpin loop; oligo, synthetic 26 nt RNA oligonucleotide
c Normalized against WT f6 RdRP activity
d Percent of total dsRNA synthesis
e Percent of total RNA synthesis at 30 1C
L. Peter Sarin et al. / Virology 432 (2012) 184–193 187with the main body of the RdRP in WTT1 under standard enzy-
matic reaction conditions. Consequently, it was possible to
speciﬁcally probe the role of the hinge region in the enzymatic
reactions catalyzed by the f6 RdRP. Cleavage of the covalent
bond at residue 607 of the hinge region did not abolish
polymerase activity, although a reduction in replication (20%)
and transcription (30%) was detected for the T1 variant in
comparison to WT RdRP (Table 1). Nevertheless, the rate of
elongation was practically identical for both polymerases tested.
The T1 variant also favored back-primed initiation (Table 1)
where the 30 end of the template loops back to form a hairpin
structure that is subsequently extended by the polymerase
(Laurila et al., 2002; Laurila et al., 2005). Furthermore, the TNTase
activity (Poranen et al., 2008a) increased by seven- to eight-fold
for WTT1 (Table 1).
Fig. 4. Temperature sensitivity of the f6 RdRP catalyzed RNA polymerization
reaction. (A) A diagram of the temperature trap assays. I, Restrictive condition.
Reactions mixtures were incubated at 50 1C. II, Permissive conditions. Reactions
were carried out at 30 1C. III, Temperature trap. Temperature was increased from
30 to 50 1C after incubating the initiation mixture for 20 min. The elongation
mixture containing the missing NTPs was added to all reactions following a
25 min incubation of the initiation mixture. (B) Dissection of the temperature
sensitive phases of the f6 RdRP catalyzed RNA polymerization reaction. The
nucleotide substrates in the initiation mixtures and the templates with their 30-
terminal sequences are given on the left. The radioactively labeled full-length
dsRNA products were separated in a standard agarose gel and autoradiographed
(right). Lane I, restrictive condition; lane II, permissive control; lane III, tempera-
ture trap. The length of the nascent RNA strand (in nucleotides) synthesized prior
to the addition of the elongation mixture is in parenthesis. (C) Initiation complex
formation for WT f6 RdRP at permissive (30 1C) and restrictive (50 1C) initiation
temperature using sDþCCC template and [g32P]–GTP. (D) RNA synthesis following
initiation (10 nt) at selected temperatures followed by heparin trap and elongation
at 30 1C. The mean results from three independent experiments have been
normalized against the highest attained polymerization activity for each RdRP.
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sensitive
Previous studies have indicated that an undeﬁned step in the
initial phase of the polymerization reaction is sensitive to ele-
vated temperatures, but elongation can proceed under these
conditions (Yang et al., 2003a). To ﬁnd out if there is a temporal
relationship between the observed change in temperature sensi-
tivity and the predicted movement of the C-terminal domain, we
determined at which stage in the f6 RdRP catalyzed RNA
polymerization reaction the switch in temperature sensitivity
actually takes place. Standard f6 RdRP catalyzed polymerization
reactions were carried out using a set of template-nucleotide
combinations which were designed to stall the reactions at
different initial stages of the polymerization reaction (Fig. 4).
Subsequently, the sensitivity of the polymerization reaction
intermediates on temperature shift (Fig. 4B) was analyzed (see
Fig. 4A for the experimental setup).
Pre-incubation with limited nucleotides and different RNA
templates did not result in inactive complexes at 30 1C (permis-
sive controls; Fig. 4B, lane II). Instead, high reaction temperature
efﬁciently decreased the overall polymerization reaction if
applied prior to the addition of nucleotides (compare restrictive
and permissive controls; Fig. 4B, lanes I and II, respectively). A
temperature increase after the pre-incubation time hampered
further polymerization from pre-assembled binary complexes or
from complexes which in addition contained the ﬁrst or second
daughter NTP (Fig. 4B, lane III, ﬁrst three rows). However, the pre-
assembled initiation complexes were already resistant to high
temperatures (50 1C; Fig. 4B, lane III, row 4). Analysis of the
reaction product in a high-resolution polyacrylamide gel also
revealed that synthesis of dinucleotides and trinucleotides was
prevented at 50 1C, with dinucleotides being the predominant
product at 30 1C (Fig. 4C) when using a template with three
30-terminal C residues (sDþCCC) and [g32P]–GTP substrate. These
results imply that pre-initiation stages of the WT polymerase are
sensitive to elevated temperature, but the initiation complex with
the dinucleotide product and the following elongation of the
nascent RNA strand are thermally more stable. This suggests that
resistance to elevated temperature is acquired as the polymerase
transits from initiation to elongation, marking the stage at which
the C-terminal priming domain has to be displaced.
Cleavage at the hinge region alters temperature sensitivity of
initiation
To further characterize the temperature sensitivity of initia-
tion, and in particular the role of the hinge region connecting the
C-terminal domain to the main body of the RdRP, WT and WTT1
were allowed to initiate RNA synthesis on sþ ssRNA template
(positive strand of f6 genome segment S) in the presence of
limited nucleotides at selected temperatures between 30 and
60 1C for 20 min. The nucleotides given enable the polymerases to
synthesize the ﬁrst 10 base pairs of the nascent strand prior to
stalling. Consequently, at permissive temperature the enzyme
could complete the initiation and transition to elongation phases
and reach the early stage of the elongation phase. After this pre-
incubation step the temperature was shifted to 30 1C, the optimal
temperature for the overall polymerization reaction (Yang et al.,
2001). To prevent new initiations from occurring, heparin, which
effectively dissociates initiation complexes but is inert if the RdRP
has preceded three or more nucleotides (Wright et al., 2012), was
added and elongation was resumed by adding the lacking
nucleotides.
WT initiation complex formation was found to be sensitive to
temperatures exceeding 35 1C (Fig. 4D). Initiation was impaired at45 1C to the degree that only one-tenth of the amount of full-
length dsRNA synthesized at 30 1C could be detected (Fig. 4D). In
contrast, WTT1 was able to form stable initiation complexes at
L. Peter Sarin et al. / Virology 432 (2012) 184–193 189temperatures up to 50 1C. These were subsequently elongated to
yield full-length dsRNA products (Fig. 4D). Some activity was still
detected at 55 1C although such high temperatures also cause
auto-degradation of the ssRNA template in the reaction condi-
tions applied.
Unexpectedly, the highest product yield for WTT1 was
obtained at an initiation temperature of 45 1C. This suggests that
the synthesis of the ﬁrst 10 nucleotides is favored at higher
reaction temperatures if stable initiation complexes are formed. It
is possible that high temperatures compensate for the clippedFig. 5. Abortive initiation of f6 RdRPs. Strand-displacing gel electrophoresis
analysis of standard replication reactions (labeled with [g32P]–GTP) performed
at 30 1C with a 26 nt RNA oligonucleotide template. The mobility of 26 nt and 2 nt
oligonucleotides as well as [g32P]–GTP is indicated on the left. Products extended
by 1–3 nts due to TNTase activity (corresponds to 27–29 nt products) are depicted
on the right. Each lane has been averaged to a signal intensity of 20,000 cpm. The
gel shown is representative of three independent experiments. Below the gel is a
schematic representation of products formed following de novo replication.hinge region, facilitating displacement of the priming platform
and promoting transition to elongation.
Clipping the hinge region marginally alters the frequency of abortive
initiation
Based on the rather unexpected result in Fig. 4C, where
dinucleotide formation was more predominant than the expected
trinucleotide product under restricted NTP conditions, we decided
to explore f6 RdRP catalyzed synthesis of abortive initiation
products under standard reaction conditions (see Materials and
Methods). Standard replication reactions utilizing a short 26 nt
ssRNA oligonucleotide were analyzed in strand separating gels
(Fig. 5). WT and WTT1 synthesized full-length products, which
varied in size between 26 and 29 nt due to the TNTase activity
(Poranen et al., 2008a) (Table 1 and Fig. 5), as well as abortive
products that were mostly 2 nt in length (Fig. 5). Abortive
initiation was predominant for both tested polymerases, encom-
passing 50%–70% of the total intensity of the signal in the
sample (Fig. 5). However, the ratio of abortive vs. productive
initiation was on an average 1.7higher for the T1 variant. The
higher accumulation of 2 nt products in the reaction catalyzed by
WTT1 suggests that the nick at the polypeptide chain of WTT1
impedes structural changes required for transition to elongation.
Consequently, the intact loop must facilitate this delicate stage of
the polymerization reaction.Discussion
Viral RdRPs that employ de novo initiation possess a small
ﬂexible domain that contains the initiation platform upon which
the initiation complex is assembled. In order to assess the
function of the f6 RdRP C-terminal priming domain, deletions
that remove considerable parts of the C-terminus were designed
and tested (Supplementary Fig. 1A). However, no recombinantly
expressed truncated proteins could be obtained. The results with
C-terminal deletion constructs (Supplementary Fig. 1A) demon-
strate that the fold or folding of the f6 RdRP is dependent on an
intact C-terminal domain. As previous studies have shown, even
subtle changes in the C-terminal domain can interfere with the
correct formation of secondary and tertiary structures, yielding
severely impaired or catalytically inactive polymerases (Sarin
et al., 2009). Nonetheless, hydrolysis of peptide bonds with a
serine protease did yield a nick (T1) at a position within the
disordered loop (residues 601–614) that connects the C-terminal
domain with the main body of the RdRP (Fig. 3A). We were able to
produce near homogeneous preparations of the WTT1 polymerase.
The structure of the T1 variant at 3.3 A˚ resolution was indis-
tinguishable from the previously published structure for the WT
f6 RdRP (Fig. 3B) (Butcher et al., 2001; Salgado et al., 2004) with
the exception that all three molecules in the asymmetric unit had
a disordered hinge region (residues 603–609) (Fig. 3A).
The strong interaction between the C-terminus and the main
body of the polymerase was supported by the observation that
denaturing conditions are needed to remove the clipped portion
(Fig. 2, panel III). Closer inspection of the f6 RdRP structure
revealed a substantial interaction surface between the main body
of the RdRP and the ultimate C-terminal anchor helix of the
protein (Fig. 3C). Crystallographic evidence shows that region
603–640, which constitutes the initiation platform and speciﬁcity
pocket (Butcher et al., 2001), can become non-structured (Wright
et al., 2012). These observations suggest that the anchor helix is
ﬁxed to its position throughout the polymerization reaction and
that the priming platform [residues 610–644; functionally remi-
niscent of the b-ﬂap in HCV pol (Harrus et al., 2010)] of the
L. Peter Sarin et al. / Virology 432 (2012) 184–193190C-terminal domain is displaced as the RdRP transits from initia-
tion to elongation.
The T1 variant of the f6 RdRP was catalytically active and
displayed a higher TNTase activity, as well as reduced discrimina-
tion in the initiation mechanism (substantial amount of initiation
by back-priming; Table 1), compared to the WT polymerase.
Consequently, the presence of an intact hinge seems to limit
these apparently irrelevant, biologically catastrophic activities.
We also observed that the f6 RdRP displays an abortive initiation
mode (Fig. 5) as previously described for many eukaryotic virus
RdRPs (Chen and Patton, 2000; Farsetta et al., 2000; Nagy et al., 1997;
Yamakawa et al., 1981; Yin and Steitz, 2002). The abortive products
produced byf6 RdRP are predominantly two nucleotides long (Fig. 5)
suggesting premature termination at the transition from initiation to
elongation. In the initiation complex of f6 RdRP (Butcher et al., 2001)
the C-terminal domain makes a physical barrier blocking the exit of
the dsRNA product (Fig. 1G; dinucleotide-template complex). Such
complexes may spontaneously dissociate (Salgado et al., 2004) due to
the weak interactions between the dinucleotide daughter strand and
the template strand. The relatively high frequency of abortive
products (approximately 2/3 of all products) might arise from the
difﬁculty to displace the priming platform of the C-terminal domain
and reﬂect its strong interaction with the main body of the poly-
merase (Figs. 2 and 3B). Moreover, nuclear magnetic resonance
studies on the dynamics of f6 RdRP have shown that movement of
relatively large structural segments that directly inﬂuence catalysis
are slow (Ren et al., 2010). The occurrence of abortive initiation
products was marginally affected by the disruption of the hinge
region in the T1 variant of the f6 RdRP, showing a 1.7 increase in
prevalence (Fig. 5). This suggests that the hinge might in fact provide
a destabilizing force that, when nulliﬁed, hampers proper displace-
ment of the priming platform at the C-terminal domain.
The initial stages of polymerization need to proceed at moderate
temperatures in order for a stable initiation complex to form (Yang
et al., 2003a). The critical stage is the formation of the initiation
complex dinucleotide product whereas subsequent elongation is far
less temperature sensitive (Figs. 4 and 5). The stability of the
initiation complex is largely dependent on the ‘docked’ conforma-
tion of the C-terminal domain initiation platform, which prevents
the egress of the initiation complex until formation of the phospho-
diester bond between the ﬁrst and second daughter nucleotide has
occurred (Fig. 1). Indeed, our results show that the T1 variant is
capable of supporting the formation of productive binary complexes
at temperatures in excess of 50 1C (Fig. 4D). The relaxed nature of
the nicked hinge region seems to reduce the occurrence of pre-
mature disordering of the priming platform at elevated reaction
temperatures (Fig. 4D).
Since WT f6 RdRP is otherwise identical to the T1 variant, with
the exception of a nicked polypeptide chain, the observed differences
must stem from the cleavage at the hinge region. This structural
cleavage probably removes the tension induced by the hinge region
and seems to decrease the mobility of the priming platform. The
stronger afﬁnity of the priming platform in the T1 variant to the main
body of the RdRP allows the formation of productive initiation
complexes at elevated reaction temperatures (Fig. 4). However, the
trade-off is an increase in abortive initiation (Fig. 5). In conclusion, the
structurally disordered hinge region seems to be the gatekeeper that
controls transition from initiation to elongation.Materials and methods
Bacterial strains and plasmids
Escherichia coli DH5a (Gibco-BRL, Invitrogen Corporation) was
the host for plasmid propagation and molecular cloning. E. coliBL21(DE3) (Novagen, Merck) was used for protein expression and
puriﬁcation. Plasmid pEMG2 (Poranen et al., 2008a) was used for
expression of WT f6 RdRP. Plasmid pEM33 (Poranen et al., 2008b)
encodes WT f6 RdRP with a C-terminal hexahistidine tag and was
used in the production of trypsin-digested WTT1 (WT enzyme
proteolytically cleaved at residue 607) for C-terminal domain
removal. The C-terminal deletions were done with standard PCR
ampliﬁcation (Sambrook and Russell, 2001) using Phusion HF
DNA polymerase (Finnzymes Ltd), appropriate oligonucleotides
(Supplementary Table 1) (Biomers.Net) and plasmid pEM33
as a template. The PCR products were digested with KpnI and
PstI restriction endonucleases and ligated with similarly cut
pEM33 vector.
Plasmid pLM659 (Gottlieb et al., 1992) was template for the
production of sþ ssRNA [sþ is the message sense ssRNA for the
small (S) genome segment of f6] (please refer to Supplementary
Table 2). Plasmids pEM15, pEM16 and pEM19 contain the cDNA
of f6 S segment with an internal deletion (Laurila et al., 2002;
Makeyev and Bamford, 2000a) and were used to prepare sDþ
(and its derivative sDþ13, sDþC and sDþCCC ssRNA templates), the
corresponding negative strand (sD) and sDþ with a 30 terminal
hairpin loop (sDþHP), respectively.Protein puriﬁcation
Both WT and mutated RdRPs were expressed in E. coli
BL21(DE3) (Studier and Moffatt, 1986) containing the appropriate
expression plasmid at 20 1C for 15 h and puriﬁed to near homo-
geneity as described previously (Makeyev and Bamford, 2000b;
Poranen et al., 2008a). The pre-cleared C-terminally hexahisti-
dine-tagged f6 RdRP was ﬁltered through a sterile 0.22 mm
ﬁltration unit (Millipore) and loaded to a pre-equilibrated 5 ml
HisTrap FF (GE Healthcare) afﬁnity column. The protein was
eluted using a linear 100 ml 0.01–0.5 M imidazol gradient (in
50 mM Tris–HCl pH 8.0, 100 mM NaCl buffer) operated by an
A¨KTAprime (GE Healthcare) unit. The peak fractions were pooled
and diluted 10-fold with 50 mM Tris–HCl, pH 8.0. The diluted
pool was loaded to a pre-equilibrated 5 ml HiTrap Q Sepharose HP
(GE Healthcare) anion exchange column and the protein was
eluted using a linear 100 ml 0–1 M NaCl gradient (in 50 mM Tris–
HCl pH 8.0, 0.1 M EDTA buffer). The peak fractions were pooled
and concentrated with an Amicon Ultra 15–50 (Millipore) cen-
trifugal ﬁlter device to a ﬁnal concentration of 30 mg/ml (in 50%
glycerol).Serine protease digestion of f6 RdRP
Protease digestion of 1.0 mg/ml WT (also with hexahistidine-
tag) f6 RdRP was performed using 0.5 mg/ml Trypsin Gold (mass
spectrometry grade, Promega) in reaction buffer T (50 mM Tris–
HCl pH 8.0, 1 mM CaCl2) at 23 1C for 16 h. The protease digestion
was terminated by a 20-fold dilution with buffer T. The digestion
mixture was ﬁltered through a sterile 0.22 mm ﬁltration unit
(Millipore) and loaded to a pre-equilibrated 5 ml HiTrap Q
Sepharose HP anion exchange column and eluted using a linear
50 ml 0–1 M NaCl gradient (in 50 mM Tris–HCl, pH 8.0 buffer).
The peak fractions were pooled and the ﬁnal concentration was
adjusted to 0.2 mg/ml (in 50% glycerol for biochemical analysis)
or left unchanged (hexahistidine-tagged protein for subsequent
separation of C-terminal domain). Cleavage sites were deter-
mined by matrix assisted laser desorption/ionization time-of-
ﬂight (MALDI-TOF) mass spectrometry (Protein Chemistry Unit,
Institute of Biotechnology, University of Helsinki).
L. Peter Sarin et al. / Virology 432 (2012) 184–193 191Separation of C-terminal domain from main body of f6 RdRP
Puriﬁed hexahistidine-tagged WTT1 was loaded to a 1 ml
HisTrap HP (GE Healthcare) afﬁnity column that was pre-equili-
brated with buffer A (50 mM Tris–HCl pH 8.0, 250 mM NaCl,
10 mM imidazol). In-column separation was performed by
increasing the SDS (disrupts non-covalent bonds) and imidazol
(elutes the C-terminus) concentration by applying a 25 ml linear
gradient from buffer A to buffer B (50 mM Tris–HCl pH 8.0,
250 mM NaCl, 250 mM imidazol, 0.2% SDS). The elution fractions
were analyzed in a 15% SDS polyacrylamide gel.Protein crystallization experiments
Prior to crystallization by sitting drop vapor diffusion, WTT1 f6
RdRP was typically concentrated to 10 mg/ml in 10 mM Tris–HCl
pH 8.0, 100 mM NaCl. To determine the optimal crystallization
conditions, screens of 480 conditions were carried out with a
200 nl drop size (1:1 protein/precipitant ratio) using a Cartesian
Robot available at the Oxford Protein Production Facility (Walter
et al., 2005). A 3-row ﬁne optimization around the initial hits
(Walter et al., 2005) resulted in crystals up to 2007040 mm in
20% PEG 6000, 100 mM HEPES (pH 7.0) for WTT1.
X-ray diffraction data for WTT1 were collected on station BM14
at the European Synchrotron Radiation Facility (ESRF), Grenoble,
France using an MAR345 detector. Each image covered an
oscillation of 11 and exposure times were typically 45–60 s. All
data were collected at liquid nitrogen temperatures after brieﬂy
washing the crystals with 20% (v/v) glycerol as a cryoprotectant.
Data were processed using the automated data reduction pro-
gram XIA2 with the 3D option [using Labelit, XDS and XSCALE
algorithms (Kabsch, 1993)]. We processed the data to 3.3 A˚ at
which point the I/sI is 1.6, adequate for reliable reﬁnement, given
the presence of 3-fold NCS redundancy. The dataset collected for
WTT1 is approximately isomorphous to the P32 SeMet crystalTable 2
Data processing and reﬁnement statistics for WTT1.
Trypsin-digested WTT1 a
X-ray source ESRF BM14
Wavelength (A˚) 0.978
Space group P32
Unit cell [a,b,c (A˚); a¼g¼90o; b¼120(o)] 105.1, 105.1, 157.5
Resolution range (A˚) 34.4–3.3 (3.4–3.3)
Observations 138,515 (5953)
Unique reﬂections 28,332 (1921)
Completeness (%) 96.5 (87.0)
I/sI (%) 6.7 (1.6)
Rmerge (%)
b 23.8 (70.8)
Rpim (%)
c 11.9 (44.6)
Reﬁnement statistics
Resolution range (A˚) 29.7–3.3
No. of reﬂections (working/test) 25,572/1,301
Rxpt
d/Rfree
e 21.9/24.2
No. of atoms: (protein/ligand) 15,636/3
RMSD bond length (A˚) 0.015
RMSD bond angle (1) 1.3
Mean B-factor (A˚2) 79
a Numbers in parentheses refer to the appropriate outer shell.
b Rmerge¼SiSh(9Ij,hoIh49)/SjSh(o Ih4), where h are unique reﬂections
indices, Ij,h are intensities of symmetry-related reﬂections and o Ih4 is the mean
intensity.
c Rpim is the precision-indicating merging R factor.
d Rxpct¼Shkl99Fobs99Fxpct99/Shkl9Fobs9, where 9Fobs9 and 9Fxpct9 are the
observed structure factor amplitude and the expectation of the model structure
factor amplitude, respectively.
e Rfree equals Rxpct of the test set (5% of the data removed prior to reﬁnement).structure determined by (Butcher et al., 2001) with unit cell
dimensions aEbE109 A˚, cE159 A˚ (see Table 2).
The structure of WTT1 was determined by rigid body reﬁne-
ment in PHENIX (Adams et al., 2002) using the WT apo structure
as a starting model (Butcher et al., 2000). Visual inspection of the
initial model and manual rebuilding was carried out in COOT
(Emsley and Cowtan, 2004). No electron density was observed
for the region spanning residues 603–609 in all three f6 RdRP
monomers of the asymmetric unit so these residues were
removed for subsequent reﬁnement steps. Final reﬁnement was
done using BUSTER-TNT (Blanc et al., 2004) to a resolution of
3.3 A˚, with local structure similarity restraints used between the
3 copies in the asymmetric unit and a high resolution target
structure (PDB code: 1HHS) (Smart et al., 2008) (Table 2), result-
ing in a model with Rfactor¼21.9 and Rfree¼24.2% and good
stereochemistry (rmsd bond length¼0.009 A˚ and rmsd bond
angle¼1.11). Unless otherwise stated the ﬁgures were drawn
and rendered with Pymol (DeLano Scientiﬁc). Final reﬁned coor-
dinates and structure factors have been deposited with the PDB
with accession ID 4b02.
Preparation of RNA templates
Synthetic ssRNAs were produced by run-off in vitro transcrip-
tion with T7 RNA polymerase. Templates for T7 transcription
were prepared from plasmid DNA either by PCR ampliﬁcation or
by cutting with suitable restriction endonucleases. A summary of
all RNA templates used in this study is provided in Supplementary
Table 2. All ssRNA templates were derived from the coding strand
of the f6 S genome segment. The full-length S-segment is
denoted as sþ , whereas templates with an internal deletion are
marked with D. The subscripts indicate various modiﬁcations to
the native 30-end. Templates for sDþ, sDþC , sDþCCC, sDþ13, sDþHP and
sþ ssRNAs were produced as previously described (Frilander and
Bamford, 1995; Makeyev and Bamford, 2000a; Poranen et al.,
2008b; Wright et al., 2012). sD RNA was transcribed from BpuAI
cut plasmid pEM16. All produced ssRNAs were successively
extracted with TRIzol (Invitrogen)/chloroform (5:1), precipitated
with 4 M LiCl followed by 0.75 M NH4Ac and dissolved in sterile
water. Viral dsRNA was isolated from PEG-concentrated virus
preparations with TRIzol/chloroform extraction, followed by iso-
propanol precipitation, stepwise precipitation with 2 and 4 M
LiCl, and NH4OAc–ethanol precipitation. The 26 nt RNA oligonu-
cleotide (50-AAUAAUAAUAAUAAGAUUUUUUCCCC-30) used for
assaying abortive initiation was synthesized by Euroﬁns MWG
Synthesis (Edersberg, Germany) and puriﬁed by gel puriﬁcation
(Sambrook and Russell, 2001).
f6 Polymerase assays
The polymerization activity of f6 RdRP was typically assayed
in 10 ml reaction mixtures containing 50 mM HEPES-KOH pH 7.5,
20 mM NH4Ac, 6% w/v PEG 4000, 5 mM MgCl2, 2 mM MnCl2,
0.1 mM EDTA, 0.1% v/v Triton X-100 (Laurila et al., 2002).
Replication (ssRNA template) and transcription (dsRNA template)
assays were carried out in the presence of 1 mM ATP and GTP and
0.2 mM CTP and UTP. These conditions were used for all experi-
ments unless otherwise stated. Reactions were supplemented
with labeled [a32P]–UTP (PerkinElmer Inc) (replication and tran-
scription) or [g32P]–GTP (PerkinElmer Inc) (abortive initiation).
TNTase was performed in the presence of 0.3 mM UTP supple-
mented with labeled [a32P]–UTP (PerkinElmer Inc). Unless
otherwise stated the mixtures were incubated at 30 1C for 1 h
and stopped with 2 loading buffer (Pagratis and Revel, 1990).
Analysis of the reaction products was performed using 0.8%
w/v agarose in Tris–Borate–EDTA gel electrophoresis or 20%
L. Peter Sarin et al. / Virology 432 (2012) 184–193192polyacrylamide/7.5 M urea gel electrophoresis (Sambrook and
Russell, 2001). Signals were collected by autoradiography on
BAS1500 image plates (Fujiﬁlm), which were scanned using a
Fuji BAS-1500 phosphorimager (Fujiﬁlm). Digital image analysis
(densitometry) was performed using AIDA Image Analyzer soft-
ware (version 3.44; Raytest Isotopenmebgera¨te), measuring the
band intensities in 1D Evaluation mode using Lane and Peak
Determination.
Initiation complex formation
WT f6 RdRP catalyzed RNA replication reactions using sDþ ,
sDþC , sDþCCC and sDþ13 ssRNA templates were carried out as
described above with the following modiﬁcations. Initiation was
performed in the presence of selected nucleotides at 30 1C for
20 min, followed by a temperature shift to 50 1C or continued
incubation at the initiation temperature. Elongation was initiated
by (shifting the temperature to 50 1C and) adding missing NTPs
and labeled [a32P]-UTP and incubation at 50 1C was continued
(Fig. 4A). The initiation temperature screening with sþ ssRNA was
carried out by allowing the initiation complex to form for 20 min
in the presence of 1 mM ATP and GTP at temperatures between 30
and 60 1C (assayed with 5 1C increments), followed by heparin-
trapping (Ackermann and Padmanabhan, 2001; Poranen et al.,
2008b; Sarin et al., 2009; Yang et al., 2003b) and elongation at
30 1C. All reactions were terminated following 1 h incubation and
subsequent sample processing and data analysis was carried out
as described above.Acknowledgments
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